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ABSTRACT
Mechanical active galactic nucleus (AGN) feedback plays a key role in massive galaxies, galaxy
groups and clusters. However, the energy content of AGN jets that mediate this feedback process is
still far from clear. Here we present a preliminary study of radial elongations τ of a large sample of
X-ray cavities, which are apparently produced by mechanical AGN feedback. All the cavities in our
sample are elongated along the angular (type-I) or jet directions (type-II), or nearly circular (type-III).
The observed value of τ roughly decreases as the cavities rise buoyantly, confirming the same trend
found in hydrodynamic simulations. For young cavities, both type-I and II cavities exist, and the
latter dominates. Assuming a spheroidal cavity shape, we derive an analytical relation between the
intrinsic radial elongation τ¯ and the inclination-angle-dependent value of τ , showing that projection
effect makes cavities appear more circular, but does not change type-I cavities into type-II ones, or
vice versa. We summarize radial elongations of young cavities in hydrodynamic simulations, and find
that τ¯ increases with the kinetic fraction of AGN jets. While mild jets always produce type-II cavities,
thermal-energy-dominated strong jets produce type-I cavities, and kinetic-energy-dominated strong
jets produce type-II cavities. The existence of type-I young cavities indicates that some AGN jets are
strong and dominated by thermal energy (or cosmic rays). If most jets are dominated by non-kinetic
energies, our results suggest that they must be long-duration mild jets. However, if most jets are
strong, they must be dominated by the kinetic energy.
Keywords: galaxies: active — galaxies: clusters: general — galaxies: clusters: intracluster medium
— galaxies:jets — X-rays: galaxies: clusters
1. INTRODUCTION
Mechanical feedback from active galactic nuclei
(AGNs) plays a key role in the evolution of massive el-
liptical galaxies, galaxy groups, and clusters, suppress-
ing cooling flows and the associated star formation ac-
tivities in central galaxies (McNamara & Nulsen 2007;
McNamara & Nulsen 2012; Li et al. 2015; Soker 2016;
Werner et al. 2019). Direct evidence for the operation
of AGN feedback comes from mounting detections of
“X-ray cavities” in deep X-ray images of galaxy groups
and clusters, apparently evolved from the interaction
of AGN jets with the hot intracluster medium (ICM;
Boehringer et al. 1993; Fabian et al. 2002; Bıˆrzan et al.
2004; Croston et al. 2011, Vagshette et al. 2019). The
properties of X-ray cavities may thus contain important
information of mechanical AGN feedback.
The enthalpy of X-ray cavities has been widely
used to estimate the energetics of mechanical AGN
feedback (Bıˆrzan et al. 2004; Rafferty et al. 2006;
Hlavacek-Larrondo et al. 2012, 2015). For a cavity with
volume V , its enthalpy can be written as
Ejet = H ≡ γ
γ − 1pV , (1)
where Ejet refers to the energy of the jet creating the
cavity, p is the pressure of the local ICM surrounding
the cavity, and γ is the adiabatic index of the plasma
inside the cavity. Assuming that the cavity is mainly
filled with relativistic cosmic rays, one has γ = 4/3 and
Ejet = 4pV . This energy estimate is based on the “slow-
piston” approximation for quasi-static point outbursts
in a uniform medium, and the energy coupling efficiency
between the outburst and the ambient medium is very
low ηcp = pV/Ejet = (γ−1)/γ (Duan & Guo 2020). For
realistic jet outbursts in galaxy clusters, recent hydrody-
namic simulations by Duan & Guo (2020) show that the
energy coupling efficiency is much higher with ηcp ∼ 0.7-
0.9, leading to significantly higher estimates for the jet
energy Ejet = 10-30pV for γ = 4/3.
In addition to the cavity volume, its shape may also
contain important information about mechanical AGN
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Figure 1. Sketch of type I and II X-ray cavities in a galaxy
cluster. Rl and Rw are the semi axes along the jet direction
and the angular direction perpendicular to the jet direction,
respectively. The jet direction here is defined as the radial
direction from the cluster center to the cavity center. Type
I cavities are oblate, elongated along the angular direction,
while type II cavities are prolate, elongated along the jet di-
rection. Nearly circular type-III cavities with Rl ≈ Rw have
also been found in galaxy clusters. The radial elongation of
a cavity is defined as τ = Rl/Rw.
feedback. Hydrodynamic jet simulations by Guo (2015)
and Guo (2016) suggest that the shape of young X-
ray cavities recently created by the jet-ICM interaction
can be used to probe jet properties, while the shape
of old X-ray cavities is affected by the level of viscos-
ity in the ICM. Kinetic-energy-dominated jets on kpc
scales typically produce young X-ray cavities more elon-
gated along the jet direction than non-kinetic-energy-
dominated jets, which may be energetically dominated
by thermal energy, cosmic rays, or magnetic fields.
Hydrodynamic simulations of mechanical AGN feed-
back often adopt kinetic-energy-dominated jets (e.g.,
Gaspari et al. 2011; Yang & Reynolds 2016; Guo et al.
2018; Martizzi et al. 2019; Bambic & Reynolds 2019),
while recent AGN feedback simulations also start to
investigate cosmic-ray-dominated jets (Guo & Mathews
2011; Ruszkowski et al. 2017; Yang et al. 2019;
Wang et al. 2020). Duan & Guo (2020) recently found
that strong non-kinetic-energy-dominated jets are much
more effective in delaying the onset of cooling catas-
trophe than kinetic-energy-dominated jets with the
same power. The particle content in AGN jets and
X-ray cavities has also been investigated observa-
tionally (e.g., Croston et al. 2008; Bıˆrzan et al. 2008;
Croston & Hardcastle 2014).
In this paper, we extend our previous theoretical stud-
ies in Guo (2015) and Guo (2016) on the cavity shape,
and present a preliminary study on the shape of ob-
served X-ray cavities, focusing on their radial elonga-
tions. As a “zeroth-order” approximation, observed X-
ray cavities are often approximated as ellipses, and as
seen in Section 2, observed X-ray cavities are usually
elongated along either the jet direction or the angu-
lar direction, which is perpendicular to the jet direc-
tion (see also Bıˆrzan et al. 2004; Rafferty et al. 2006;
Hlavacek-Larrondo et al. 2012). Here the jet direction
is defined as the radial direction from the cluster center
to the cavity center. In Figure 1, we show a sketch of
these two types of X-ray cavities. The radial elongation
of a given X-ray cavity may be defined as τ = Rl/Rw,
where Rl is the semi axis along the jet direction and
Rw is the semi axis along the angular direction. In this
paper, we refer to cavities with τ < 1 as type I cavi-
ties and those with τ > 1 as type II cavities. Nearly
circular cavities with Rl ≈ Rw have also been found in
galaxy clusters, and may be referred to as type III cav-
ities, which may be nearly spherical cavities in reality,
or type I or II cavities viewed nearly along the jet axis.
The remainder of the paper is organized as follows.
Following a preliminary study of radial elongations of
a sample of observed X-ray cavities in Sec. 2, we in-
vestigate the impact of line-of-sight projection on radial
elongations in Sec. 3. By comparing with the results
from a suite of hydrodynamic jet simulations, we then
discuss what the observations of τ may reveal about the
physics of mechanical AGN feedback in Sec. 4. We
summarize our main results in Section 5.
2. RADIAL ELONGATIONS OF OBSERVED
CAVITIES
2.1. The Cavity Sample
In this section, we present a preliminary study of
radial elongations in a sample of observed X-ray cav-
ities drawn from the literature. Our cavity sam-
ple was mainly drawn from two large cavity samples
in Rafferty et al. (2006) and Hlavacek-Larrondo et al.
(2012), respectively.
The Rafferty et al. (2006) sample is a large sample of
local and low-redshift X-ray cavities, most of which have
also been used in other studies (e.g., Bıˆrzan et al. 2004;
Diehl et al. 2008; Bıˆrzan et al. 2008; Bıˆrzan et al. 2020).
Rafferty et al. (2006) provide the relevant parameters of
each cavity in their sample, in particular, the distance
of the cavity center to the host system’s center (here-
after denoted as d), the semi-major and semi-minor axes.
Some cavities have relatively low contrast with respect
to their surroundings, and are assigned a value of “3”
for the figure of merit in Rafferty et al. (2006). For ac-
curacy, in our sample we exclude these poorly defined
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Table 1. Properties of X-ray Cavities
System Rl Rw d References
(kpc) (kpc) (kpc)
A85 6.3 8.9 21 1, 2
A262 5.4 3.4 8.7 1, 3, 4
5.7 3.4 8.1
Perseus 7.3 9.1 9.4 1, 5, 6
4.7 8.2 6.5
7.3 17 28
13 17 39
2A 0335+096 6.5 9.3 23 1, 7
A478 5.5 3.4 9 1, 8
5.6 3.4 9
MS 0735.6+7421 110 87 160 1, 9
130 89 180
4C+55.16 10 7.5 16 1, 10
13 9.4 22
RBS 797 13 8.5 24 1, 11
9.7 9.7 20
M84 1.6 1.6 2.3 1, 12
2.1 1.2 2.5
M87 2.3 1.4 2.8 1, 13
1.6 0.8 2.2
Centaurus 2.4 3.3 6 1, 14
1.6 3.3 3.5
HCG 62 4.3 5.0 8.4 1, 15
4.0 4.0 8.6
Zw 2701 8.75 12.25 18.9 16
10.5 14.0 19.25
A3581 3.5 2.6 4.6 1, 17
3.2 2.7 3.8
3.8 8.4 24 17
MACS J1423.8+2404 9.4 9.4 16 1
9.4 9.4 17
A2052 7.9 11 11 1, 18
6.2 6.5 6.7
A2199 12.1 8.5 23 19
14.7 9.9 23
3C 388 15 15 27 1, 20
10 24 21
3C 401 12 12 15 1
12 12 15
Cygnus A 29 17 43 1, 21
34 23 45
A2597 7.1 7.1 23 1, 22
10 7.1 23
A4059 20 10 23 1, 23
9.2 9.2 19
Table 1. Properties of X-ray Cavities (Continued)
System Rl Rw d Refs
(kpc) (kpc) (kpc)
Hydra A 20.5 12.4 24.9 24
21 12.3 25.6
31.5 47.2 100.8
20.9 29 59.3
99.7 105 225.6
50.1 67.7 104.3
RX J1532.9+3021 14.4 17.3 28 25
12.1 14.9 39
NGC 5813 0.95 0.95 1.3 26
1.03 0.93 1.4
3.9 3.9 7.7
2.2 2.9 4.9
2.4 2.8 9.3
3.0 5.2 22.2
4.4 8.0 18
References — (1) Rafferty et al. (2006); (2)
Durret et al. (2005); (3) Clarke et al. (2009); (4)
Blanton et al. (2004); (5) Fabian et al. (2002); (6)
Fabian et al. (2000); (7) Mazzotta et al. (2003); (8)
Sun et al. (2003); (9) McNamara et al. (2009); (10)
Hlavacek-Larrondo et al. (2011); (11) Doria et al.
(2012); (12) Finoguenov & Jones (2001); (13)
Forman et al. (2007); (14) Fabian et al. (2005); (15)
Gitti et al. (2010); (16) Vagshette et al. (2016);
(17) Canning et al. (2013); (18) Blanton et al.
(2011); (19) Nulsen et al. (2013); (20) Kraft et al.
(2006); (21) Wilson et al. (2006); (22) Clarke et al.
(2005); (23) Heinz et al. (2002); (24) Wise et al.
(2007); (25) Hlavacek-Larrondo et al. (2013); (26)
Randall et al. (2011)
cavities without bright rims. We additionally determine
the elongation of each cavity by eye in X-ray images pub-
lished in the literature (as specifically listed in the right-
most column in Table 1). We find that all the cavities in
our sample are elongated along either the jet direction or
the angular direction perpendicular to the jet direction,
and consequently we determine the values of Rl and Rw
for each cavity according to the values of the semi-major
and semi-minor axes given in Rafferty et al. (2006). We
updated the parameters (Rl, Rw, and d) of the cavities
in Hydra A according to Wise et al. (2007), those in Zw
2701 according to Vagshette et al. (2016), and those in
A2199 according to Nulsen et al. (2013). We added one
more cavity in A3581 observed by Canning et al. (2013).
We also supplemented our sample with two cavities in
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Figure 2. Top panel: The distance of the cavity cen-
ter to the host system’s center d vs. the radial elongation
τ = Rl/Rw. No strong correlation exists between d and τ .
Bottom panel: d/Rl vs. τ . Old cavities have gone through
buoyant evolution in the ICM, and are expected to have
higher values of d/Rl. There exists a general trend that
the value of τ decreases as d/Rl increases. The vertical dot-
ted line denotes τ = 1, which separates type-I cavities with
τ < 1 and type-II cavities with τ > 1.
RX J1532.9+3021 (Hlavacek-Larrondo et al. 2013) and
seven cavities in NGC 5813 (Randall et al. 2011). The
parameters and references of these 60 cavities are listed
in Table 1.
The Hlavacek-Larrondo et al. (2012) sample includes
31 X-ray cavities in 20 galaxy clusters located at the
redshift range of 0.3 ≤ z ≤ 0.7. The values of Rl, Rw,
and d of these cavities are explicitly listed in Table 3 of
Hlavacek-Larrondo et al. (2012). Combining with the
cavities listed in Table 1, our cavity sample comprises a
set of 91 cavities in 45 host systems, including 42 galaxy
clusters, 2 galaxy groups (HCG 62 and NGC 5813)
and one galaxy (M84). As located at relatively high
redshifts, the cavities in the Hlavacek-Larrondo et al.
(2012) sample usually do not have very high contrast
with respect to their surroundings. However, we stress
Figure 3. Histograms of the radial elongation τ = Rl/Rw in
the relatively young X-ray cavities with d/Rl < 1.5 (top) and
d/Rl < 2 (bottom). Bin widths are 0.1 in τ . For young X-
ray cavities, both type I and II cavities exist, and the latter
dominates. The ratio between type I and II cavities increases
from around 1 : 5 for young cavities with d/Rl < 1.5 to
around 1 : 3 for those with d/Rl < 2.
that our main results in the paper do not change qualita-
tively if we exclude the Hlavacek-Larrondo et al. (2012)
sample from our analysis.
2.2. Radial Elongations and Implications
The first immediate result is that all the cavities in
our sample are either type-I cavities elongated along the
angular direction, type-II cavities elongated along the
jet direction, or nearly circular type-III cavities. This
indicates that X-ray cavities are not subject to signif-
icant rotation during their evolution in the ICM. Oth-
erwise, a large fraction of the cavities would be elon-
gated along random directions with respect to the jet
direction. It also implies that the observed difference
between type I and II cavities in the cavity elongation
with respect to the jet direction is not due to rotation
in the ICM. Gas motions in the ICM may shift or bend
X-ray cavities (e.g., Fabian et al. 2000; Venturi et al.
2013; Paterno-Mahler et al. 2013), but our result sug-
gests that the kpc-scale rotation in the ICM velocity
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field is not significant. In other words, the level of tur-
bulence in the inner regions of galaxy clusters may be
relatively low, consistent with recent HITOMI observa-
tions of the Perseus cluster (Hitomi Collaboration et al.
2016).
The distribution of the cavities in our sample is illus-
trated in Figure 2, which shows the diagrams of d vs τ
(top) and d/Rl vs τ (bottom). The value of radial elon-
gation τ ranges between 0.4 and 2, and the centers of
most cavities are located within 1 . d . 100 kpc from
the host system’s center. Figure 2 indicates that, while
no clear correlation exists between d and τ , the value
of τ roughly decreases as d/Rl increases. Cavities with
high values of d do not directly correspond to old cavi-
ties, as a big young cavity may be created directly with
a large value of d ∼ Rl. Old cavities have gone through
buoyant evolution in the ICM, and are instead expected
to have high values of d/Rl. Thus, the bottom panel of
Figure 2 suggests that the value of τ decreases as a cav-
ity rises buoyantly in the ICM. In other words, a cavity
tends to become more elongated along the angular direc-
tion as it rises buoyantly in the ICM. An extreme case of
this evolution is the pancake-shaped northwestern ghost
cavity in Perseus (Fabian et al. 2000; Churazov et al.
2001), and this trend is also consistent with the pre-
dictions in hydrodynamic simulations (e.g., Figure 5 of
Guo 2016). Furthermore, the dearth of type-II cavities
with d/Rl > 2 shown in the bottom panel of Figure
2 suggests that type-II cavities may evolve into type-I
cavities as they rise buoyantly in the ICM.
While the shape of old cavities may change substan-
tially during the buoyant evolution, the intrinsic shape
of young cavities may be used to probe jet properties,
as indicated by hydrodynamic simulations of Guo (2015)
and Guo (2016). Figure 3 shows the histograms of the
radial elongation τ in the relatively young X-ray cavities
with d/Rl < 1.5 (top) and d/Rl < 2 (bottom). It is clear
that both type I and II young cavities exist, and the lat-
ter dominates. The ratio between type I and II cavities
is around 1 : 5 for young cavities with d/Rl < 1.5, and
increases to around 1 : 3 for cavities with d/Rl < 2,
possibly due to buoyant evolution. As shown in Sec. 3,
the inclination angle between the jet direction and the
line of sight affects the observed value of τ , but projec-
tion effect does not change type I cavities into type II
cavities, or vice versa.
Remarkably, Figures 2 and 3 also indicate that there
exist a large number of nearly circular type-III cavities
with τ ≈ 1. While some of them may be intrinsically
spherical cavities, many of them may be type I or II cav-
ities viewed along lines of sight close to the jet direction,
as further discussed in Section 3.
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Figure 4. Sketch of parallel projection of an X-ray cav-
ity onto the sky. The cavity is approximated as a spheroid
with an intrinsic semi axis R¯l along the jet direction, and
two equal semi axes R¯w along two directions perpendicular
to the jet direction. When projected onto the sky, Rl is the
apparent semi axis along the projected jet direction, while
Rw = R¯w is the semi axis along the angular direction per-
pendicular to the jet direction. θ is the inclination angle
between the line of sight and the radial direction from the
cluster center to the cavity center.
3. PROJECTION EFFECT ON RADIAL
ELONGATIONS
Observed X-ray cavities are parallel projections of
three-dimensional (3D) low-density ICM cavities along
lines of sight onto the sky. Considering the evolution of
an axisymmetric jet in a spherically-symmetric ICM, the
created low-density cavity is expected to be axisymmet-
ric around the jet axis. As a “zeroth-order” approxima-
tion, the cavity may thus be approximated as a spheroid
with a semi axis R¯l along the jet direction, and two
equal semi axes R¯w along two directions perpendicular
to the jet direction. The cavity volume can be written
as V = 4piR¯lR¯
2
w/3, and the intrinsic radial elongation
of this 3D cavity may be defined as τ¯ ≡ R¯l/R¯w. In
this section, we investigate how line-of-sight projections
affect the observed value of radial elongation τ .
Figure 4 shows a sketch of parallel projection of a
3D X-ray cavity onto the sky. For a 3D cavity with
the intrinsic radial elongation τ¯ ≡ R¯l/R¯w, the observed
value of radial elongation τ = Rl/Rw depends on the
inclination angle θ between the line of sight and the jet
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Figure 5. Impact of parallel projection along lines of sight
on two idealized spheroidal cavities with intrinsic radial elon-
gations τ¯ = 0.7 (top) and 1.5 (bottom). θ is the inclination
angle between the line of sight and the jet direction (see Fig.
4). It is clear that, depending on the inclination angle, paral-
lel projection leads to an apparent radial elongation ranging
from its intrinsic value τ = τ¯ if θ = 90◦ to τ = 1 if θ = 0◦.
direction. When projected onto the sky, Rl is the ap-
parent semi axis along the projected jet direction on the
sky, while Rw = R¯w is the semi axis along the angular
direction perpendicular to the projected jet direction.
Here we use Figure 4 to facilitate the derivation of Rl,
which may depend on R¯l, R¯w, and θ. It is obvious that
Rl = R¯w and τ = 1 if θ = 0
◦, and Rl = R¯l and τ = τ¯ if
θ = 90◦.
Considering a Cartesian coordinate system (x, z)
with the origin at the cavity center, the line of sight
passing through the origin can be written as x =
−z tanθ, and the coordinates of an arbitrary point lo-
cated at the cavity surface (ellipse) may be written as
(R¯w cosφ, R¯l sinφ). For the values of θ and φ, we con-
sider 0◦ ≤ θ ≤ 90◦ and 0◦ ≤ φ ≤ 90◦. The distance l
between a point (R¯w cos φ, R¯l sin φ) at the cavity sur-
face and a point (−z tan θ, z) on the line of sight passing
through the cavity center can be written as
l2 = (R¯w cosφ+ z tanθ)
2 + (R¯l sinφ− z)2. (2)
The distance of the point (R¯w cosφ, R¯l sinφ) to the
line of sight x = −z tanθ can then be evaluated accord-
ing to Eq. (2) with the value of z derived from the
condition ∂l2/∂z = 0, which gives z = R¯l sinφ cos
2θ −
R¯w cosφ sinθ cosθ. Therefore one has
l = R¯w cosφ cosθ + R¯l sinφ sinθ. (3)
As illustrated in Figure 4, the apparent semi axis along
the projected jet direction on the sky (Rl) corresponds
to the maximum value of l in Eq. (3), which occurs at
the value of φ determined by the condition ∂l/∂φ = 0,
i.e.,
tanφ = τ¯ tanθ , (4)
where τ¯ = R¯l/R¯w. As Rw = R¯w, Eq. (3) can be rewrit-
ten as
τ = cosφ cosθ + τ¯ sinφ sinθ
=
√
cos2θ + τ¯2 sin2θ, (5)
where we have used the value of φ in Eq. (4). Due to
the axisymmetry around the jet axis, Eq. (5) also holds
for 90◦ ≤ θ ≤ 180◦. For the special case of spherical
cavities with τ¯ = 1, Eqs. (4) and (5) reduce to φ = θ
and τ = 1, respectively.
Eq. (5) indicates that, depending on the inclination
angle θ, parallel projection leads to an apparent radial
elongation τ ranging from its intrinsic value τ = τ¯ if
θ = 90◦ to τ = 1 if θ = 0◦, as clearly illustrated in
Figure 5 for a type-I cavity with τ¯ = 0.7 (top) and a
type-II cavity with τ¯ = 1.5 (bottom). While projection
effect affects the observed value of τ by making cavities
appear more circular, it does not change type I cavities
into type II cavities, or vice versa. Thus the quantity
ratio between type I and II young cavities investigated
in Sec. 2 is not affected by projection effect. We also
note that due to the measurement uncertainties in Rl
and Rw, a small but substantial fraction of type-I and
-II cavities with small values of |θ| (i.e., viewed along
lines of sight close to the jet axis) may be classified as
type-III cavities with τ ≈ 1.
Eq. (5) can also be used to improve the measurement
of the cavity volume V = 4piRlR
2
w/3, which is often
adopted to estimate the energetics and power of me-
chanical AGN feedback (e.g., Hlavacek-Larrondo et al.
2012). For type-I cavities, Eq. (5) indicates that V =
4piRlR
2
w/3 is actually an upper limit of the real cavity
volume. In contrast, for type-II cavities, V = 4piRlR
2
w/3
is a lower limit of the real cavity volume.
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If there is a very large sample of young X-ray cavities
detected in the future, the distribution of θ may be con-
sidered to be random, and Eq. (5) may then be used
to derive the intrinsic probability distribution function
(PDF) of τ¯ from the observed PDF of τ . For type-I
cavities, one has
f(τ)dτ ∝ (∫ τ0 g(τ¯)
∣∣∣dθ(τ,τ¯)dτ
∣∣∣ dτ¯ )dτ
= τ√
1−τ2 (
∫ τ
0
g(τ¯)√
τ2−τ¯2dτ¯ )dτ , (6)
where |dθ(τ, τ¯ )/dτ | = τ/
√
(1 − τ2)(τ2 − τ¯2) is derived
from Eq. (5), and f(τ)dτ and g(τ¯)dτ¯ are the PDFs of
τ and τ¯ of type-I cavities, respectively. Similarly, for
type-II cavities, one has
f(τ)dτ ∝ τ√
τ2 − 1(
∫ ∞
τ
g(τ¯ )√
τ¯2 − τ2 dτ¯ )dτ. (7)
4. INTRINSIC RADIAL ELONGATIONS IN
SIMULATIONS
In this section, we investigate what the observations
of radial elongations of young X-ray cavities may tell
us about the physics of mechanical AGN feedback. In
our previous studies (Guo 2015, 2016), we found that in
a typical smooth spherically-symmetric ICM, the shape
of young cavities is mainly affected by the properties
of AGN jets. Here we adopt our recent hydrodynamic
jet simulations in Duan & Guo (2020) to summarize the
dependence of the intrinsic radial elongation τ¯ of young
X-ray cavities on jet properties, particularly its kinetic
fraction. In these simulations, we use thermal jets car-
rying both thermal and kinetic energies, which are ini-
tialized at the jet base on kpc scales (more specifically
at zinj = 1 kpc from the cluster center). The kinetic
fraction fkin = 1 − fth is defined as the ratio of the ki-
netic energy density to the total energy density within
the jet at its base. Here fth is the jet’s thermal fraction
at the jet base. For more details of the setup and results
of these simulations, we refer the reader to Duan & Guo
(2020, see also Guo et al. 2018 and Duan & Guo 2018).
Figure 6 shows τ¯ of young cavities as a function of fkin
in a series of strong (top) and mild (bottom) jet simu-
lations in Duan & Guo (2020). These simulated X-ray
cavities are produced by AGN jets in a realistic galaxy
cluster (Abell 1795), and the jets all have the same to-
tal energy Einj = 2.3 × 1060 erg. For a given total en-
ergy Einj, Duan & Guo (2020) demonstrate that there
exists a characteristic radius Rfb within which the total
ICM energy equals Einj, which defines a characteristic
jet power Pfb = Einj/ts, where ts is the sound cross-
ing time across Rfb. For a given Einj, a jet with power
much higher (lower) than Pfb may be considered to be
Figure 6. Intrinsic radial elongations τ¯ of young X-
ray cavities in a series of hydrodynamic jet simulations of
Duan & Guo (2020) as a function of the jet kinetic frac-
tion fkin. These simulated X-ray cavities are produced by
AGN jets in a realistic galaxy cluster, and the jets in all
the simulations presented here have the same jet energy
Einj = 2.3 × 10
60 erg. The top panel shows the results of
three simulations of strong jets with a short jet duration
tinj = 5 Myr at two times t = 5 Myr and 30 Myr, while
the bottom panel shows those of three simulations of mild
jets with a long jet duration tinj = 50 Myr at two times
t = 50 Myr and 100 Myr. The cavities presented here are
relatively young, still attached to or just slightly detached
from the cluster center. The simulations presented in the
top and bottom panels are illustrated in Figures 4 and 5 of
Duan & Guo (2020), respectively. The horizontal dotted line
in each panel refers to type-III cavities with τ¯ = 1.
a strong (mild) jet, and shock dissipation in the ICM
is much more significant in strong AGN outbursts than
in mild ones (Duan & Guo 2020). While the jet radius
and velocity are fixed in these simulations, the value of
fkin varies as we adopt different values of the internal
jet density and thermal energy density at the jet base.
The strong and mild jet simulations used to make Fig-
ure 6 are illustrated in Figures 4 and 5 of Duan & Guo
(2020), respectively.
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For strong jet outbursts, the value of τ¯ of young cavi-
ties increases with fkin, and as clearly shown in the top
panel of Figure 6, the transition from type I to type II
cavities occurs roughly at fkin ∼ 0.5. In other words,
thermal-energy-dominated jets tend to produce type-
I cavities, while kinetic-energy-dominated jets tend to
produce type-II cavities. Compared to strong jets, mild
jets with the same total energy have a higher jet dura-
tion, producing young cavities that are more elongated
along the jet direction and have higher values of τ¯ , as
clearly seen in Figure 6 (see also relevant discussions in
Sec. 3.1 of Guo 2015). While τ¯ also roughly increases
with fkin for mild jet outbursts, both thermal-energy-
dominated and kinetic-energy-dominated mild jets pro-
duce type II cavities with τ¯ > 1.
Now we can use our simulation results to interpret
the observations of τ of young X-ray cavities presented
in Sec. 2. In our cavity sample, both type-I and -II
young cavities exist, and type II young cavities domi-
nate. As shown in Sec. 3, while projection effect af-
fects the observed value of τ , it does not change type
I cavities into type II cavities, or vice versa. There-
fore, the existence of type-I young cavities indicates that
some AGN jets are strong jets energetically dominated
by thermal energy on kpc scales. These jets are not
dominated by the kinetic energy on kpc scales as of-
ten assumed in the literature (e.g., Gaspari et al. 2011;
Yang & Reynolds 2016; Guo et al. 2018; Martizzi et al.
2019; Bambic & Reynolds 2019), and may alternatively
be energetically dominated by cosmic rays as recently
suggested (e.g., Guo & Oh 2008; Guo & Mathews 2011;
Ruszkowski et al. 2017; Yang et al. 2019; Wang et al.
2020). It has also been demonstrated by Duan & Guo
(2020) that strong non-kinetic-energy-dominated jets
are much more effective in delaying the onset of cooling
catastrophe than kinetic-energy-dominated jets with the
same power.
If most AGN jets in mechanical AGN feedback are
strong jets with relatively short durations, the domi-
nance of type-II over type-I cavities suggests that most
AGN jets are energetically dominated by the kinetic en-
ergy. However, if a large or dominant fraction of AGN
jets are energetically dominated by non-kinetic energies
(e.g. thermal energy or cosmic rays), our results suggest
that they must be mild jets with relatively long dura-
tions.
5. SUMMARY AND DISCUSSION
Mechanical AGN feedback is usually thought to play
a key role in the evolution of massive galaxies, galaxy
groups and clusters. However, the particle and energy
content of AGN jets that mediate this feedback process
is still far from clear. Chandra and XMM-Newton obser-
vations have detected a large number of X-ray cavities,
apparently evolved from mechanical AGN feedback in
the hot gaseous halo of these systems and potentially
containing important information on the physics of me-
chanical AGN feedback. The enthalpy of X-ray cavities
has already been extensively used to estimate the en-
ergetics and power of mechanical AGN feedback. Here
we present a preliminary study of radial elongations of
a large sample of X-ray cavities drawn from the litera-
ture, and investigate the implications on the physics of
mechanical AGN feedback.
All the 91 X-ray cavities in our sample are type-I
cavities elongated along the angular direction (perpen-
dicular to the jet direction), type-II cavities elongated
along the jet direction, or nearly circular type-III cavi-
ties. This suggests that X-ray cavities are not subject to
significant rotation during their evolution in the ICM,
and implies that the observed difference in radial elon-
gation between type I and II cavities is not due to the
cavity rotation in the ICM. Our result also suggests that
the kpc-scale rotation in the ICM velocity field is not sig-
nificant and the level of turbulence in the inner 100-kpc
regions of galaxy clusters may be relatively low, consis-
tent with recent HITOMI observations of the Perseus
cluster (Hitomi Collaboration et al. 2016).
The value of radial elongation τ may vary as a cavity
rises buoyantly in the ICM. We explored this issue with
the potential correlations between τ and d, and between
τ and d/Rl. Here d is the distance of the cavity cen-
ter to the host system’s center. All the three types of
cavities are seen in our sample with different value of d
varying between 1 and 100 kpc, and there is not a clear
trend between τ and d. In contrast, a trend between τ
and d/Rl exists in our sample, and τ roughly decreases
with the increasing value of d/Rl. This suggests that
d/Rl may be a better indicator determining whether a
cavity has gone through significant buoyant evolution in
the ICM, and X-ray cavities tend to become more elon-
gated along the angular direction (with lower values of
τ) as they rise buoyantly in the ICM. This is consistent
with the predictions in hydrodynamic simulations. The
dearth of type-II cavities with d/Rl > 2 suggests that
type-II cavities may evolve into type-I cavities as they
rise buoyantly in the ICM.
Young X-ray cavities have not gone through significant
buoyant evolution, and their radial elongations may tell
us about the properties of AGN jets that created them.
In our cavity sample, both type I and II young cavities
exist, and the latter dominates. The observed value of τ
is expected to be affected by projection effect. Assum-
ing that X-ray cavities are spheroidal and axisymmetric
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around the jet axis, we derive an analytical relation be-
tween the intrinsic radial elongation τ¯ and the observed
value of τ : τ =
√
cos2θ + τ¯2 sin2θ, which depends on
the inclination angle θ. The value of τ generally lies be-
tween 1 and τ¯ , indicating that projection effect makes
cavities appear more circular, but does not change type-
I cavities into type-II ones, or vice versa. The relation
can be used to improve the measurement of the cavity
volume and confirms that some type-III cavities may be
intrinsically type-I or -II cavities viewed along lines of
sight close to the jet axis.
We investigate the intrinsic radial elongations of
young cavities in a suite of hydrodynamic jet simula-
tions, and find that τ¯ typically increases with the kinetic
fraction of AGN jets. As demonstrated in Duan & Guo
(2020), for a given jet energy, there exists a charac-
teristic jet power that separates short-duration strong
jets and long-duration mild jets. Irrespective of the ki-
netic fraction, mild jets always produce type-II cavities.
However, for strong jets, thermal-energy-dominated jets
tend to produce type-I cavities, while kinetic-energy-
dominated jets produce type-II cavities. The existence
of type-I young cavities indicates that some AGN jets
are strong and dominated by non-kinetic energies on
kpc scales, such as thermal energy or cosmic rays. If
most jets are dominated by non-kinetic energies, the
dominance of type-II cavities in our young cavity sam-
ple suggests that most jets are long-duration mild jets.
However, if most jets are strong, they must be dom-
inated by the kinetic energy. Additional observations
are required to further infer if most jets are strong jets
dominated by the kinetic energy or mild jets dominated
by non-kinetic energies.
Radio observations of mechanical AGN feedback indi-
cate that there is a dichotomy between Fanaroff-Riley
(FR) type I and II radio sources (Fanaroff & Riley
1974). While both FR I and II radio sources exist in
galaxy clusters, the former dominates. According to the
values of radial elongations derived from X-ray observa-
tions, our study suggests that both type I and II young
X-ray cavities exist, and the latter dominates. While
the archetypical FR II radio jets in Cygnus A produce
type-II young cavities, FR II radio sources are not very
common in galaxy clusters, suggesting that many FR I
radio sources also produce type-II young X-ray cavities.
It is thus possible that some FR I radio sources pro-
duce type-I cavities, while others produce type-II cavi-
ties. The difference may be caused by the duration of
AGN jets, as short-duration (long-duration) jets tend
to produce type I (II) cavities. As radial elongation is
also affected by the jet’s kinetic fraction, the difference
may also be caused by the properties and the dissipa-
tion/entrainment history of AGN jets on sub-kpc scales.
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